The initiation of mRNA synthesis in eukaryotic cells is a complex and highly regulated process that requires the assembly of general transcription factors and RNAP II (RNA polymerase II; also abbreviated as Pol II) into a pre-initiation complex at the core promoter. The core promoter is defined as the minimal DNA region that is sufficient to direct low levels of activator-independent (basal) transcription by RNAP II in vitro. The core promoter typically extends approx. 40 bp up-and down-stream of the start site of transcription and can contain several distinct core promoter sequence elements. Core promoters in higher eukaryotes are highly diverse in structure, and each core promoter sequence element is only found in a subset of genes. So far, only TATA box and INR (initiator) element have been shown to be capable of directing accurate RNAP II transcription initiation independent of other core promoter elements. Computational analysis of metazoan genomes suggests that the prevalence of the TATA box has been overestimated in the past and that the majority of human genes are TATA-less. While TATA-mediated transcription initiation has been studied in great detail and is very well understood, very little is known about the factors and mechanisms involved in the function of the INR and other core promoter elements. Here we summarize our current understanding of the factors and mechanisms involved in core promoter-selective transcription and discuss possible pathways through which diversity in core promoter architecture might contribute to combinatorial gene regulation in metazoan cells.
Introduction
Known metazoan core promoter sequence elements. The consensus sequences shown for the BRE, TATA box and INR element are for mammals, and those for the MTE and DPE were determined for Drosophila. The position of each sequence element relative to the transcription start site (+1) is indicated. Note that each of these sequence motifs is only found in a subset of core promoters and that none of the elements shown is ubiquitously required for core promoter activity.
In addition to the TATA box, several other core promoter elements have been identified and functionally characterized [10] (Figure 1 ). The BRE (TFIIB recognition element) is found immediately upstream of the TATA box region of some core promoters and was originally identified as a core promoter element that enhanced transcription from the TATA box-and INR (initiator) element-containing Ad2ML (adenovirus-2 major late) promoter in a highly purified system reconstituted with human TBP (TATA-binding protein), TFIIB, TFIIE, TFIIF, TFIIH and RNAP II [11] . More recently, the BRE was shown to repress Ad2ML activity in a crude human nuclear extract, and this BRE-mediated repression can be reversed by a transcription activator [12] .
The INR element was originally identified as a core promoter element essential for the activity of the TATA-less murine terminal deoxynucleotidyltransferase gene (TdT) [13] . The INR element encompasses the transcription start site, and in humans has the consensus sequence YY +1 AN(T/A)YY (the superscript +1 denotes the nucleotide at which transcription starts). Like the TATA box, the INR element is sufficient to direct accurate RNAP II transcription initiation [13] . Furthermore, when spaced by ∼25 bp, the TATA and INR elements can function in concert in a synergistic manner [14] .
Core promoter elements downstream from the transcription start site have also been identified. A prevalent RNAP II promoter element in Drosophila is the DPE (downstream promoter element) [15, 16] . The DPE is located 30 bp downstream from the transcription start and its function is dependent on the presence of an INR element. In humans, DPE motifs have been identified by sequence in some promoters, but these have not been extensively characterized so far. Finally, the MTE (motif ten element) was discovered recently based on its over-representation in a large database of Drosophila core promoters [17] . In Drosophila, the MTE is found precisely at positions +18 to +27 relative to the start site. Like the DPE, the MTE requires an INR element for function. However, the MTE appears to function independently of a TATA box or a DPE motif [17] . Interestingly, the same study also identified a functional MTE in the core promoter of the human sterol C5 desaturase-like gene (SC5D). Further studies are needed to establish a general role for DPE and MTE core promoter in mammalian cells. However, the growing list of functional core promoter elements underlines the notion that the complexity and diversity of core promoters, and their function in regulated RNAP II transcription, has yet to be fully explored.
Prevalence of core promoter elements in metazoan genomes
The availability of an increasing number of whole genome sequence databases has opened the door to extensive computational analysis of the prevalence of known core promoter elements in the genomes of different metazoan species. A computational analysis in Drosophila found TATA consensus sites in only 33% of 1941 promoters [18, 19] . Similarly, an early database analysis found TATA boxes in only 32% of approx. 1000 potential core promoter regions [20] . The same study found an INR consensus sequence in 85% of the promoters analysed. A more recent bioinformatics study found a TATA box motif in only 11% of over 1770 human core promoter sequences [21] . The authors of that study attributed the significant under-representation of TATA motif elements compared with previous analyses to refinements in computational TATA box detection. In agreement with earlier studies, the INR element was found to be the most common RNAP II core promoter element. The most recent, and so far most comprehensive, bioinformatics study analysed two large sets of human RNAP II promoters [22] : 1871 promoters from the EPD (Eukaryotic Promoter Database) [23, 24] and 8793 promoters from the DBTSS (Database of Transcriptional Start Sites) [25, 26] . The study examined the statistical distribution of core promoter elements at their functional positions, as well as the occurrence of combinations of core promoter elements (i.e. TATAand INR, BRE and TATA). The authors found that about half of the human RNAP II core promoters contain an INR consensus sequence at its functional position (49% in the EPD and 48.4% in the DBTSS). Only 21.8% of RNAP II core promoters in the EPD and 10.4% of RNAP II core promoters the DTSS were found to contain a TATA box motif. Interestingly, 60% of TATAbox-containing promoters were found to also contain an INR consensus site, compared with approx. 45% of TATA-less promoters. However, only 9.9% of promoters in the EPD and 4.3% of promoters in the DBTSS contain both TATA and INR elements separated by a distance permitting functional synergy [14] . Furthermore, the authors presented statistical evidence for novel functional combinations of core promoter elements. For example, an interesting result of the study is that the number of core promoter regions harbouring both a BRE and an INR element is comparable with the number of promoters containing a combination of TATA and INR elements. BRE functions have so far only been studied in the context of a functional TATA box [11, 12, 27] . However, only 11.8% (EPD) and 13.8% (DBTSS) of TATA-containing promoters were found to contain a BRE motif, compared with 28.1% (EPD) or 26.9% (DBTSS) of TATA-less promoters. This observation raises the interesting possibility that BRE functions, which are mediated through direct TFIIB-DNA interactions [11, 12, 27] , may not be limited to promoters that contain a consensus TATA element and are therefore able to form a cognate TBP-TATA nucleoprotein complex [28] [29] [30] .
Obviously, the functionality of core promoter sequence motifs within individual RNAP II promoters identified by computational analyses must be examined carefully on a case-by-case basis. However, the recent results of bioinformatics studies strongly suggest that the occurrence of the TATA box at RNAP II promoters in metazoan genomes has been overestimated in the past. Contrary to expectations, only a small fraction of RNAP II promoters appear to contain a TATA box. In contrast, a large proportion of RNAP II promoters in metazoan genomes appear to contain an INR element. Finally, approx. 25% of human promoters appear to lack known core promoter elements. This may point to the existence of additional core promoter sequence elements that remain to be identified and functionally characterized. 
TATA compared with INR function: PIC assembly and structure
Of the known core promoter elements, only the TATA box and the INR element have been shown to direct accurate RNAP II transcription independently of other core promoter elements. The molecular events leading to PIC assembly and RNAP II transcription initiation on TATA-containing promoters have been studied in great detail and are well understood. On TATA box-containing promoters, PIC assembly is initiated through specific binding of the TFIID TBP subunit, the only sequence-specific DNA-binding polypeptide among the GTFs, to the TATA DNA sequence. TBP resembles a molecular 'saddle', and TBP binding results in bending of the TATA box DNA by 90° [28, 29] . After formation of the TBP-TATA nucleoprotein complex, the remaining GTFs can be recruited in a stepwise manner: TFIIB and TFIIA are recruited first, followed by TFIIF/RNAP II, then TFIIE and finally TFIIH [4] [5] [6] .
Importantly, the full set of GTFs and RNAP II is not sufficient to support INR-dependent transcription from TATA-less promoters or synergy between TATA and INR elements. So far, reconstitution of INR-specific transcription with purified factors has not been accomplished, and underlying molecular mechanisms remain poorly understood.
RNAP II transcription from TATA-containing promoters does not require the TFIID TAF (TBP-associated factor) subunits in purified systems and can be reconstituted with recombinant TBP instead of TFIID and in the absence of TFIIA. In contrast, in crude human nuclear extracts or in systems reconstituted with partially purified nuclear extract fractions, TFIID TAF subunits are absolutely required both for INR-dependent transcription from TATA-less promoters and for synergy between TATA and INR elements [31] [32] [33] . DNA-binding studies demonstrated that the TFIID complex can interact with promoter DNA downstream of the TATA region and up to ∼35 bp downstream of the transcription start site [34] [35] [36] . These TAF-DNA interactions were shown subsequently to be sequence-dependent [36] and to be induced by the presence of a consensus INR element [32, 37, 38] . TFIID interactions with the INR element are likely to be mediated by TAF1 and TAF2. TAF1 within human TFIID can be cross-linked to the INR element of the Ad2ML promoter, and this interaction is greatly enhanced by the presence of TFIIA [39] . Moreover, Drosophila TAF2 has been shown to possess intrinsic DNA-binding activity [40] . Finally, partial TFIID complexes composed of recombinant TBP, TAF1 and TAF2 subunits have been shown to mediate INR functions in a partially purified Drosophila transcription system and to interact preferentially with a core promoter in the presence of a consensus INR sequence [41, 42] .
However, while TAFs within TFIID are necessary for INR function in systems reconstituted with highly purified GTFs and RNAP II, they are not sufficient [43] . This observation led to the discovery of TICs (TAF-and INR-dependent cofactors) in partially purified human nuclear extract fractions, which can restore INR function in purified systems [43] . A TIC-1 activity was shown to reconstitute TAF-dependent synergism between TATA and INR elements, whereas TIC-2 and TIC-3 activities were required to reconstitute INR-dependent transcription from the TATA-less mTdT promoter [43] . The polypeptides responsible for the different TIC activities remain to be identified.
The discovery that cofactors are required for INR-dependent transcription suggests that RNAP II PICs assembled on different core promoters can differ in composition. It further raises the question whether the order of events leading to PIC formation on INR-dependent TATA-less promoters is different from the pathway established for PIC assembly on TATA-dependent promoters. Studies with a mutant TFIID complex, harbouring a TBP mutant variant defective in TATA-specific DNA binding, suggest that the TATA box-binding activity of TBP is dispensable for INR-dependent transcription initiation at TATA-less promoters [44] . In agreement with this observation, isolated wild-type TFIID appears unable to bind specifically to TATA-less promoters in DNase I footprinting assays [44] . These observations may suggest that PIC formation at TATA-less promoters does not require formation of a cognate TBP nucleoprotein complex.
On TATA-containing promoters, TBP-induced bending of the TATA box DNA has been proposed to be a rate-limiting step in PIC formation [45] [46] [47] and essential for recruitment of TFIIB [30] . Intrinsic mechanical properties of the TATA box DNA contribute significantly to the specificity and stability of TBP interactions [48] . Consequently, the degree of TBP-induced bending is DNA sequence-dependent [49] [50] [51] .
It is at present unclear if, and to what extent, non-cognate TBP-DNA interactions with the −30 promoter region contribute to PIC assembly and transcription initiation at TATA-less promoters [10] . One possibility might be that TBP forms an unstable 'unbent' protein-DNA complex in the absence of a TATA box sequence [47] . If this proves to be the case, the question arises as to how TFIIB is recruited under these conditions.
A recent computational analysis of flexibility profiles of a large number of human and mouse RNAP II promoter regions suggests that TATA boxes and INR elements possess very similar mechanical properties [52] . In addition, DNA directly upstream of TATA and INR elements tends to be more rigid than DNA downstream of these elements. The similarity in DNA flexibility profiles may indicate that recognition of the INR element, like recognition of the TATA box, involves protein-induced DNA bending. Consistent with this idea is the observation that the presence of a consensus INR sequence induces interactions of TFIID TAFs with DNA downstream of the TATA box region ( [32, 37, 38] ; P. Gross and T. Oelgeschläger, unpublished work), which can result in nucleosome-like DNA wrapping [39] . Although purified TFIID complex in isolation appears to be unable to form a stable complex with TATA-less promoters, it is generally thought that, similar to TATA-containing promoters, PIC assembly on TATA-less promoters is initiated by TFIID-promoter complex formation, perhaps in conjunction with TIC activities. Further work is necessary to clarify this important question.
Functional significance of core promoter diversity
What is the functional significance of the observed diversity in core promoter structure? In metazoan cells, the activity of core promoters is dependent on complex cis-acting regulatory DNA regions, which typically consist of multiple binding sites for transcription activators. Cis-acting regulatory sequences can be found promoter-proximal or in enhancers located many kilobase-pairs away from the transcription initiation site [8, 9, 53, 54] . Activation of RNAP II transcription is typically achieved by the concerted action of multiple gene-specific transcription activators and in the context of a complex network of positive and negative cofactors [2, 3] .
Several studies have shown that the core promoter sequence context can significantly influence the 'responsiveness' of a given gene to gene-specific DNA-binding activators and repressors. The earliest investigations into the role of the TATA box element in gene activation revealed that different TATA box sequences respond differentially to activators [55] [56] [57] . For example, it was shown that the human Hsp70 (heat-shock protein 70) promoter becomes unresponsive to E1A when its natural TATA box is substituted by the SV40 (simian virus 40) TATA element [55] . Similarly, the response of the human myoglobin gene to its natural MSE (muscle-specific enhancer) is lost when its natural TATA element is replaced by the SV40 TATA box; conversely, the SV40 promoter can be made MSE-responsive by replacing the SV40 TATA box with the myoglobin TATA box [56] . Later studies investigated how the presence or absence of different core promoter elements (e.g. TATA box and INR element) affects activator responses. For example, the transcription activator c-Fos preferentially activates transcription from TATA-containing core promoters [58] , while the Ets family member Elf-1 exhibits a preference for INR-containing core promoters [59] . Optimal transcription induction by the papillomavirus activator E2 [60] and by the strong artificial activator GAL4-VP16 [61] requires both TATA and INR elements in the target promoter. Interestingly, core promoter selectivity is not restricted to transcription activation, but is also observed in transcription repression. For example, p53 has been reported to repress transcription from promoters containing a consensus TATA motif, whereas promoters containing an INR element instead of a TATA box were resistant to repression by p53 [62] . Finally, recent studies in Drosophila have provided compelling evidence that core promoter structure plays an important role in the selectivity of enhancers for their target genes. These studies have identified enhancers that specifically stimulate transcription either from TATA-containing core promoters lacking a DPE or from TATA-less promoters containing a DPE [63, 64] .
What is the molecular basis for the core promoter-specific function of activators or repressors? A simple explanation is provided by the fact that transcription initiation nucleoprotein complexes that are assembled at different core promoters are not invariant, but differ in polypeptide composition and/or topology.
First, PIC formation at the core promoter region involves substantial changes in DNA conformation [65, 66] , which are core promoter sequence-dependent. Sequence-specific binding of TBP induces bending of the TATA DNA, and the magnitude of DNA bending within the TBP-TATA nucleoprotein complex differs significantly between different TATA box sequences [48] [49] [50] [51] . Furthermore, TAF subunits of TFIID interact with core promoter regions downstream of the TATA box in a sequence-dependent manner and can induce nucleosome-like DNA wrapping [32, [35] [36] [37] 39] . Interestingly, TAF-DNA interactions downstream of the transcription start site can also influence the way TFIID engages in DNA interactions at the TATA box region [67] . Finally, TFIIB has been shown to engage in DNA-sequence-specific promoter contacts, both directly upstream of the TATA box region with the BRE [11, 12] and downstream the TATA box region at or close to positions −17 and −20 [27] .
Secondly, core promoter-selective transcription mediated by core promoter sequence elements other than the TATA box (e.g. INR element, DPE) cannot be recapitulated in vitro using the full set of basal GTFs (TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH) and RNAP II. INR function requires TIC activity [43] , and a recent report suggested that DPE function requires the co-activator PC4 and the protein kinase CK2 as cofactors [68] . In addition, metazoans express cell-type-specific paralogues of key GTFs. Paralogues identified to date include several TBP-related factors, a testis-specific TFIIAα/β-like factor, and tissue-specific TAFs [69] [70] [71] [72] . It seems plausible that these specialized core components of the basal transcription apparatus contribute to core promoter-selective transcription mechanisms.
Differences in the composition and/or overall topology of transcription initiation nucleoprotein complexes could affect enhancer activity by: (i) affecting the ability to interact with enhancer-bound activators or their cognate co-activators [56] (Figure 2A ), or (ii) differentially affecting activator function.
In human nuclear extracts, activator-independent (basal) transcription levels differ greatly between individual core promoters. For example, the TATA-and INR element-containing Ad2ML promoter supports up to two orders of magnitude higher basal transcription levels than the human Hsp70 promoter, which contains a consensus TATA element but lacks an INR. Consistent with this observation, introduction of a functional INR element into a TATA-containing model promoter or introduction of a consensus TATA box into a TATA-less INR-dependent promoter greatly increases basal promoter activity [13, 33] .
These core promoter-specific differences in basal transcription activity can be attributed to a complex functional interplay between core promoter sequence elements, positive-and negative-acting cofactors and the core RNAP II transcription machinery ( Figure 2B ). For example, TAFs in TFIID have been shown to either stimulate or repress the activity of TATA-containing promoters in a core promoter sequence-dependent manner [73, 74] . Positive-acting TIC activities, in conjunction with TAFs, stimulate transcription from INR-containing promoters [43] . NC2, a ubiquitous repressor of RNAP II transcription, was shown previously to differentially repress transcription from different TATA box-containing core promoters [75] . Furthermore, we discovered recently that a functional INR element renders TATA-containing promoters resistant to repression by NC2. Importantly, INR-mediated resistance to NC2 requires TIC activity and TFIID TAFs (B. Malecová, P. Gross, M. Guittaut, S. Yavuz, and T. Oelgeschläger, unpublished work).
These observations support a model in which the core promoter sequence context sets a 'default state' of promoter activity by affecting the structure and function of the transcription initiation complex. The 'default state' determines the amplitude of transcription induction and defines the requirements for specific activator functions ( Figure 2B ). For example, an activator might strongly stimulate transcription from TATA-containing core promoters through reversal of repression by NC2. In the presence of an INR element and TAF and TIC cofactors, TATA-mediated transcription initiation becomes resistant to NC2 repression. This results in an elevated 'default state', which reduces the amplitude of induction. At the same time, the presence of an INR element eliminates the need for activator-mediated reversal of NC2 repression.
We speculate that core promoter regions co-evolved with their cis-acting regulatory sequences to establish specific regulatory requirements for the expression of different protein-encoding genes. It will be of interest to investigate whether classes of genes that are co-regulated by different activators or different combinations of activators share similarities in core promoter architecture and/ or function.
Outlook
Recent observations corroborate the view that the core promoter architecture plays an important role in the combinatorial regulation of RNAP II transcription in metazoan cells. However, the complexity and diversity in core promoter structure remains to be fully appreciated. Novel core promoter elements have been identified recently, and it is anticipated that additional elements will be discovered in the future. TATA box-mediated transcription initiation has been investigated in great detail, but the function of other core promoter sequence elements remains poorly understood. Reconstitution of core promoter-specific transcription directed by elements other than the TATA box with purified factors has not yet been achieved. A major focus of current and future investigations must be the identification of required core promoter sequence-specific cofactors, which is prerequisite for investigations into the precise molecular mechanisms underlying core-promoter selective transcription.
